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How checkpoint pathways recognise double-strand
breaks has long been a mystery. Recent studies
have found that two distinct checkpoint protein
complexes associate independently with chromatin
at the sites of DNA damage. Why do two distinct
mechanisms recognise strand lesions, and what
does this tell us about the checkpoint pathways?
DNA damage, such as double-strand breaks, poses a
considerable threat to genomic integrity and cell
survival. Damage arises both spontaneously, for
example during DNA replication, and in response to
exogenous agents, such as ionising radiation. In a
typical mammalian cell, 1 Gy of ionising radiation
results in 30–60 double-strand breaks. About 60% of
these breaks are transient, with a half-life of rejoining
in the order of minutes, while the remaining 40% are
more persistent, with rejoining half-lives measured in
hours [1]. It is not known precisely how DNA damage
is detected, but its presence leads to the rapid activa-
tion of a protein kinase cascade referred to as the
DNA damage checkpoint [2]. Activation of this
cascade results in cell-cycle arrest, which provides
time for the breaks to be repaired. 
Central to the DNA damage checkpoint are two
large phosphatidylinositol 3-kinase (PI-3)-like protein
kinases, ATR and ATM. In order to simplify the serious
nomenclature problems resulting from studying these
processes in various different organisms, we will use
the human names, with the yeast names in parenthe-
sis where appropriate. ATR (Rad3Sp/Mec1Sc) and ATM
(Tel1Sp/Sc) respond to DNA damage by phosphorylat-
ing and activating two downstream effector kinases,
known as Chk1 and Chk2 (Cds1Sp/Rad53Sc). In order
to generate a checkpoint signal, ATR requires the
function of five additional conserved proteins: Rad1
(Rad17Sc), Rad9 (Ddc1Sc), Rad17 (Rad24Sc), ATRIP
(Rad26Sp/Ddc2Sc) and Hus1 (Mec3Sc) [2].
The number of checkpoint proteins required for 
ATR (Rad3Sp/Mec1Sc) to signal DNA damage in the
yeast systems led to a model in which these six 
proteins assembled to form a ‘guardian complex’ 
that patrols the genome in search of damage. Subse-
quently, it has become clear that the checkpoint pro-
teins form several functionally distinct complexes:
ATR (Rad3Sp/Mec1Sc) is associated with ATRIP
(Rad26Sp/Ddc2Sc), but not with the other checkpoint
proteins. Furthermore, ATR–ATRIP can be activated in
response to double-strand breaks in the absence of
the other proteins, although the signal does not get
passed down to the effector kinases [3]. Rad17
(Rad24Sc) forms a stable protein complex with the four
small subunits of replication factor C [4]. RFC is
known to load the ‘sliding clamp’ processivity factor
PCNA at the primer–template junction during DNA
replication. Interestingly, the remaining three proteins,
Rad1, Rad9 and Hus1, are all related in structure to
PCNA [5] and can assemble into a heteromeric protein
complex which is sometimes thought of as a check-
point-sliding clamp. The homology of these check-
point protein complexes to DNA replication proteins
resulted in the hypothesis that the Rad17–RFC
complex loads the checkpoint-sliding clamp onto
chromatin at sites of DNA damage [2].
Three recent studies [6–8] have found that the
ATR–ATRIP kinase complex and the checkpoint-
sliding clamp are recruited to the chromatin in response
to DNA damage, through independent mechanisms.
Melo et al. [7] and Kondo et al. [6] both employed the
Saccharomyces cerevisiae system in which a single
genomic double-strand break is generated upon
induced expression of the site-specific HO-endonu-
clease. Zou et al. [8] studied mammalian cells after UV
or ionising radiation exposure in which they had
ablated proteins by either RNA inactivation (RNAi) or
cre–Lox recombination.
The independent recruitment of ATR–ATRIP is con-
sistent with its ability to be activated by damage in 
the absence of the checkpoint-sliding clamp and
RFC-like proteins. The Rad17-dependent, but ATR-
independent, recruitment of Rad9 (Ddc1Sc) and, by
implication, the other PCNA-like proteins is intriguing.
First, it supports the idea that Rad17 can act as a spe-
cific loading factor for the checkpoint-sliding clamp
(consistent with its similarity to RFC), and second, it
demonstrates that two separate DNA damage recog-
nition mechanisms are acting to detect double-strand
breaks.
The independent assembly of ATR–ATRIP and the
PCNA-like proteins, coupled with the fact that both
systems are required for checkpoint activation, sug-
gests the operation of a fail-safe mechanism that pre-
vents improper activation of the checkpoint pathway
(Figure 1). In such a model, the Rad17–RFC complex
would load the checkpoint-sliding clamp next to the
ATR–ATRIP kinase at the site of DNA damage. Like
PCNA, the checkpoint-sliding clamp could act as a
scaffold. This would allow the ATR kinase to phos-
phorylate its substrates [7], including the effector
kinases Chk1 and Chk2. Melo and co-workers [7] did
not find any convincing evidence that the effector
kinase Chk2 (Rad53Sc) was recruited to the site of
DNA damage. This may indicate that the interaction
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between the guardian complex and the downstream
kinase is transient. Additionally, but not exclusively, it
is also possible that the amplification of the check-
point signal requires the function of additional down-
stream factors, such as the BRCT-domain proteins
Crb2Sp/Rad9Sc [9].
Kondo et al. [6] and Melo et al. [7] both report that
cleavage at the HO site is clearly detected 2 hours
after induction of HO-endonuclease, but checkpoint
activation is only detected 3–4 hours after induction
[6]. The delayed kinetics of checkpoint activation
could relate to the 5′-to-3′ degradation of the broken
chromosome, although the kinetics of this degrada-
tion are unclear under circumstances where the break
can be constantly repaired and re-cut [10]. It is possi-
ble that checkpoint activation might require formation
of single-stranded DNA regions under these condi-
tions. Kondo et al. [6] found that both ATR (Mec1Sc)
and Rad9 (Ddc1Sc) associate with a region of DNA 2
kilobases distant from the break site, and Melo et al.
[7] found that Rad9 (Ddc1Sc)-GFP foci grew continu-
ally brighter during a 16 hour time course. This appar-
ently continuous recruitment of the checkpoint-sliding
clamp could relate to the ongoing DNA metabolism at
the broken chromosome.
Why do the checkpoint protein complexes associ-
ate with regions distant from the break site? Unlike the
situation in mammalian cells, where the persistent
double-strand breaks ultimately get repaired, HO-
induced breaks, if accurately repaired, are presumably
re-cut. Is the localisation pattern related to the rapid
(<10 minute) phosphorylation of histone H2A? In mam-
malian cells, the equivalent phosphorylation is on the
histone variant H2AX. This phosphorylation is known
to initiate at the break site and extend either side into
the chromosome [11]. The regions containing phos-
phorylated histone H2AX correlate well with assembly
points for repair factors such as BRCA1, Rad51 and the
Mre11–Rad50–Nbs1 complex [12]. Work in S. cere-
visiae demonstrated that ATR (Mec1Sc) is required to
phosphorylate histone H2A after DNA damage, and
that this modification occurs in the absence of the
Rad17–RFC loading factor [13]. Taken together, these
findings imply that ATR–ATRIP kinase assembles at a
break site to phosphorylate neighbouring histone H2A
or histone variant H2AX, possibly highlighting the
region of DNA for the repair machinery (Figure 1). 
S. cerevisiae H2A phosphorylation is independent of
the Rad17–RFC loading factor, and Rad9 (Ddc1Sc)
loads onto DNA in the absence ATR (Mec1Sc). There-
fore, histone H2A modification does not explain the
presence of the checkpoint-sliding clamp at sites
distal to the damage site. A possible explanation might
come from previous reports that a 5′-to-3′ exonucle-
ase moves away from DNA damage induced at
S. cerevisiae telomeres by mutation of the cdc13
gene, and that this is dependent on checkpoint-sliding
clamp proteins [14]. Perhaps the sliding clamp performs
an additional function at sites of DNA damage that is
directly linked to DNA repair activity (Figure 1). 
In summary, the demonstration that two distinct
checkpoint protein complexes are independently
recruited to sites of DNA damage suggests a fail-safe
mechanism for checkpoint activation which may have
evolved to prevent activation by chromatin perturba-
tions that are not associated with DNA damage. In
addition to ensuring that the checkpoint is only acti-
vated in response to bona fide DNA damage, check-
point protein complexes may also perform additional
functions. For example they could mark damaged
chromatin regions for DNA for repair and they might
directly participate in repair activities.
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Figure 1.
The ATR–ATRIP complex and the PCNA-
like Rad9–Rad1–Hus1 complex are inde-
pendently recruited to sites of DNA
damage. This results in checkpoint signal
generation, possibly through interactions
with additional protein complexes.
ATR–ATRIP is also required to phospho-
rylate histone H2A or H2AX, possibly
marking adjacent chromatin for repair
factors. Data in yeast also suggest a
direct function in DNA metabolism for the
PCNA-like proteins.
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